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Abstract: Eu -doped Ba3SisO1N, green phosphors were prepared by microwave assisted sintering method at 1275°C 
for 4 h, while the counterparts using conventional solid-state reaction method were synthesized at temperature higher 
than 1300°C and for to 10 h. Microwave assisted sintering could reduce the activation energy and enhance the diffu- 
sion rate, thus greatly improved the sintering. Moreover, the influence of Si3N4 content on phase formation, morphol- 
ogy, absorption, and quantum efficiency, and photoluminescence properties of phosphors were studied. As a result, 
the Ba3Si,O,,N:Eu~’ samples sintered by microwave assisted sintering method have a higher phase purity and photo- 
luminescence intensity under ultraviolet excitation as compared with samples sintered in the conventional tube furnace. 


The proposed method is a potential preparation method for the oxynitride phosphors with strong photoluminescence 


and high phase purity. 
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The phosphor-converted light-emitting diodes (pc-LEDs), 
emerging as an indispensable solid-state light source for 
illumination, have attracted increasing attention due to its 
high efficiency, energy savings, environment-friendliness, 
small volume and long lifetime, compared with the con- 
ventional incandescent and fluorescent lamps!'?!. Phos- 
phors as a wavelength converter have been considered as 
pivotal and technologically important components in 
white LEDs'”!, A new hot topic of nitride and oxynitride 
phosphors has recently attracted much attention? *!, Many 
rare-earth activated nitride and oxynitride phosphors such 
as Ca-a-SiAION: Ce” BSiIAION: Eu CaAL 
SiN;:Eu” l Ba;SiçON2:Fu t] have been designed and 
studied. Among the oxynitride phosphors, the M-Si-O-N 
(M=Ca, Sr, Ba) system has attraction as a new phosphor 
system due to its easy fabrication, good thermal stability, 
and high 
MSi,O,N>:Eu” phosphor in the system is not an effi- 


luminescence efficiency. However, the 
cient phosphor with high color purity. It has to be em- 
phasized that Ba3SigQ,2N>:Eu”* phosphor has a similar 
crystal structure and chemical formula to a N-rich 


Ba3SisOoNy:Eu’’, but the optical properties are quite dif- 
ferent between them. In addition, the Ba3Sig0,.N>: Eu” 
phosphor also shows a high efficiency and a good thermal 
stability compared with other green phosphors such as (Ba, 
SnD2SiO4:Eu21031. 

Up to now, Several methods have been used to Synthe- 
size the high efficiency Ba3Si,O}2N>:Eu~ phosphors, for 
instance, gas reduction nitridation method!'"!, solid state 
method!!”!, and Ba3SiO;:Eu’* 
method!'?!, However, a pure phase of BasSigO1l?N> is 


reaction precursor 


hardly obtained, due to the low chemical reactivity of 


I6] And more, these fabrication 


starting powders Si3N4 
methods mentioned above are not energy-saving, with 
disadvantages of long heating time as well as long dura- 
tion time which can influence the particles morphology 
and optical features of the product. To overcome the sin- 
tering difficulty for BazSiďO12N2:Eu” systems, this study 
employed microwave sintering (MWS) method by in- 
creasing the chemical reactivity and enhancing the diffu- 
sion of ions. The microwave sintering method is devel- 
oped as a new tool in powder manufacture industries. 
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During the heating process, the electromagnetic wave 
can penetrate into materials and heat them owing to the 
interaction between polarized molecular (or ions) and 
electromagnetic field, finally resulting in volumetric 
heating. The volumetric heating ability of microwaves 
allows for a more rapid and uniform heating, then de- 
creases processing time, and finally enhances material 
properties''*'*!, For the Si;N4 systems, microwave heat- 
ing has been observed to accelerate or enhance diffusion 
processes, such as sintering and grain growth 7 In this 
study, Ba3Si,O).N>:Eu~~ green phosphors were synthe- 
sized by the microwave sintering method, as well as solid 
state reaction (SSR) method for comparison, and their 
photoluminescence (PL) properties, absorption and 
quantum efficiency of the phosphors were investigated. 
The influence of the contents of Si;N4 in raw materials 
and duration time of microwave sintering on the PL 
properties and phase purity were also discussed. 


1 Experiment 


1.1 Preparations 

Green phosphors (Baz sSieOwN;: 0.2Eu”’) were synthe- 
sized at 1275°C for 4 h using starting powders of BaCO; 
(Aladdin, AR), SiO.(Aladdin, 99.99%), Si3N4(UBE, SN- 
E10), and Eu,03;(Sinopharm Chemical Reagent Co., Ltd, 
4N). The weighted raw powders were mixed in a mortar 
by hand and packed into the BN crucibles. For the micro- 
wave sintering technique, firstly, we put the filled BN cru- 
cible into an attemperator with heating assistant materials, 
then put the attemperator into microwave reaction furnace, 
and finally sintered the powder samples under a reducing 
atmosphere (15%H2/N2). For comparison, the same sam- 
ples were prepared by the solid state reaction method, in 
which the samples were loaded into a conventional alu- 
mina tubular furnace and sintered at 1300°C for 10 h at 
the same reducing atmosphere in a flowing gas mixture 
(15%H.,/N>). Furthermore, to investigate the influence of 
Si3N4 content on the final phase formation in MWS proc- 
ess, the SiN; content of raw materials was varied with a 
wide range from 0.6 to 1.0. In order to keep the amount of 
Si constant in the formular of Baz gSi6O12N2: 0.2Eu”, the 
SiO, content was decreased accordingly. In addition, the 
effect of soaking time (2, 4, and 6 h respectively) on final 
phase formation was evaluated for the MWS. Post-treat- 
ments of the phosphor were also conducted with the aim 
to improve the PL properties. The treatments include 
powder smashing and acid washing. 
1.2 Characterization 

The crystalline phase of the samples was analyzed by 
an X-ray powder diffraction (XRD, Advance D8, 


Bruker, Karlsruhe, German) using the Cu Kao, A= 
0.15418 nm, operating at 40 kV and 40 mA in the 20 
range of 10°-60° with a step size of 0.02° and 0.2 s per 
step. The PL spectra were measured at room tempera- 
ture using a fluorescent spectrophotometer (F-4600, 
Hitachi Ltd., Tokyo, Japan) with a 150W Xe lamp as an 
excitation source at room temperature. The absorption 
and quantum efficiency of the prepared phosphor were 
measured using a QE-2100 (Otsuka Electronics Co., 
Ltd., Japan) and the reflection spectrum of BaSO, white 
standards was used for calibration. The particle size was 
analyzed on a particle size analyzer (S3500-special, 
Microtrac, USA). The morphology of the samples was 
observed by scanning electron microscopy (FE-SEM, 
S-4800, Hitachi, Japan). 


2 Results and discussion 


2.1 Properties of Bay SigQ,.N2:Eu’’ synthe- 
sized by MWS and SSR 

Figure 1 presents the XRD patterns of Baz SigQ)2N>: 
0.2Eu” synthesized by MWS(1275'C, 4 h) and SSR(1300 
°C, 10 h)methods at the stoichiometric ratios of 4.5SiO;: 
0.5Si;N; in the starting materials, respectively. As seen from 
Fig. 1, for the sample prepared by the microwave sintering 
method, most of the high intensity peaks match well with 
the reported data by Mikami, et al''*!, and a few unreacted 
a-Si3N,, orthosilicate phases BaSi,O; and BasSigO>, are still 
remained. While for the sample prepared by the conven- 
tional solid-state reaction method, many weak diffraction 
peaks of impurities are detected, which also can be iden- 
tified as a-Si;N,, orthosilicate phases BaSizO5, Ba4Si6O10 
and BasSigO,. In addition, the phosphor prepared by the 
MWS method has higher peak intensity in XRD patterns, 
indicating that high crystallinity is obtained. Through 
these results, it is clear that MWS method is a very effec- 
tive synthesis method as it can reduce processing time to 
some extent. This may be due to the fact that 
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Fig. 1 XRD patterns of Baz gSigQ))N>: 0.2Eu” phosphors syn- 
thesized by SSR and MWS methods 
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strong microwave electric fields induce a nonlinear driv- 
ing force (named as ponderomotive force) for (ionic) mass 
transport near surfaces and structural interfaces (e.g., grain 
boundaries) in ceramic materials!!? 7", 

The PL excitation spectra of Bay gSigQ).N>: 0.2Eu7* 
phosphors synthesized by SSR and MWS show a typical 
broad absorption band from near-UV to blue region 
(300-500 nm), consisting of two bands with maxima at 
313 and 428 nm, respectively. While the emission spectra 
exhibit a single broad band centered at 527 nm under the 
excitation of 4.x=428 nm, which is attributed to the typi- 
cal 4f°5d 一 4f transition of Eu?" ions. It has been no- 
ticed that the emission intensity of the phosphor prepared 
by the microwave sintering method is higher than that of 
the phosphor synthesized by the solid state reaction 
method, as illustrated in Fig. 2. This may be attributed to 
that the phosphor prepared by the microwave sintering 
method is endowed with a much pure phase formation of 
Ba3sSigOi?N? having high crystallinity as mentioned 
above. 

The morphologies of the samples prepared by MWS 
and SSR methods are presented in Fig. 3(a) and 3(b) The 
particle size is about 3—8 um for samples prepared by the 
MWS method, but larger particle size distribution is for 
SSR method. It can be observed that the particles in the 
sample prepared by MWS have a fine morphology and 
regular shape, whereas the appearance of the one pre- 
pared by SSR exhibits hard aggregation. The particle 
size of the phosphors synthesized by the MWS method is 
effectively modified with the particle size of ~3.04 um 
(D50), whereas the SSR phosphor reaches the particle 
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size of ~5.05 um (Ds5so), as shown in Fig. 3(c) and 3(d). 
These may be another reason for higher emission intensity 
of the sample synthesized by MWS, which was addressed 
in the photoluminescence and morphology of Ca3La3(BOs)s: 
Eu** phosphors’). 

Figure 4 shows the absorption, internal and external 
quantum efficiency of the samples prepared by MWS 
and SSR methods. The external quantum efficiency of 
the MWS sample is higher than that of the SSR samples 
under 365, 405, or 450 nm excitation, respectively. The 
enhanced quantum efficiency may be due to that the 
crystallinity of the powders is enhanced by the different 
preparation method and conditions, resulting in the re- 
duction of the defects in the host lattice and on the sur- 
face of the particles. As a result, the possibility of the 
non-radiation transition within and among the particles is 


reduced. 
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Fig. 2 Excitation and emission spectra of BazgSi6O12N3: 


0.2Eu” phosphor prepared by SSR and MWS methods 
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Fig.3 Micro-morphologies of the samples prepared by (a) SSR and (b) MWS methods, and size distribution of the 
particles prepared by (c) SSR and (d) MWS methods 
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Fig. 4 Absorption, internal and external quantum efficiencies 
of the samples prepared by MWS and SSR methods 


2.2 Properties of Baz sSigQ..N2:Eu’” synthe- 
sized by MWS with different ratio of SisN4 
Originally for the Bap gSigO12N>:0.2Eu* synthesis, the 
staring host materials were designed as a stoichiometric 
ratio of 2.8BaCO3:4.5Si0,:0.5Si3;N4. However, the stoichio- 
metric mixture of these starting materials yielded much 
more impurity phase formation of orthosilicate in the final 
products (as shown in Fig. 1), beyond the expected single 
Ba3Sig0}2N>2 phase. The resulting oxide formation might 
be attributed to the deficiency of nitrogen (N), partly be- 
cause Si3N4 commonly contains the oxygen impurity and 
partly because a gas mixture (15%H>/N2) is used in the 
sintering process”! To overcome this problem, the influ- 
ence of Si3N4 content in the starting materials was tested 
with an increased tendency from 0.6 to 1.0, and in order to 
keep the amount of Si constant, we decreased the SiO, 
content accordingly. Figure 5 presents the XRD patterns of 
Bay gSigO).N>:0.2Eu** synthesized with difference SiN, 
content. All the phosphors were synthesized at 1275°C for 
4 h by the MWS method, indicating that with increasing 
the content of a-Si;Ny, orthosilicate phase gradually re- 
duces and transforms into Ba3Sig0;2N2 when the content 
of SizN, is less than 0.8. If the content of Si3N4 is above 
0.8, the peaks indexed as SiN; and more diverse ortho- 
silicate phase are detected. According to the reference[10], 
we can suppose that the phase formation of the 
Bap sSisOw Ny: 0.2Eu7* samples can be composed of three 
sequential processes: Firstly, the low-melting point barium 
orthosilicates emerge when the temperature is above 1000°C; 
Secondly, silicon nitride starts to dissolve in the Ba—Si-O 
liquid phase when the temperature further rises to 1200- 
1300°C; Thirdly, the target phase precipitates from the ni- 
trogen saturated liquid phase. As a result, the desired prod- 
uct forms with an excess of silicon nitride and the remained 
unreacted Si3N4 accompanies the formation of 
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Fig. 5 XRD patterns of Bap sgsSieOwN;: 0.2Eu” phosphors as a 
function of Si3N4 content (a) 0.6Si3N4，(b) 0.7SiN4,, (c) 
0.8Si3N4, (d) 0.9Si3N4 and (e) 1.0Si;N4, by MWS method at 
1275°C for 4 h. The inset indicates XRD of the sample with 
0.8Si3N, for different soaking time (2, 4, and 6 h, respectively) 


barium orthosilicates. The inset in Fig. 5 indicates XRD 
patterns of the sample with 0.8Si;N, for different soaking 
time of 2, 4, and 6 h, respectively. It is clear that a highly 
pure Bap gSigQ12N>:0.2Eu”” can be realized under MWS 
conditions at 1275°C for 4-6 h. 

Figure 6 shows the excitation and emission spectra of 
Bay gSig¢O12N>:0.2Eu~* phosphors prepared by MWS method 
with difference Si;N,contents. As seen in Fig. 6, it shows a 
great similar shape of the spectra except for the PL intensity, 
which resulted from the same dominant phase Ba3Si6O12 
N>:0.2Eu”". Because the orthosilicate phases as impurities 
have no luminescence under blue light irradiation, they only 
have a negative influence on the PL intensity of the phos- 
phors. The maximum PL intensity is found in the phosphor 
prepared with a composition of 0.8Si;N4, which owns a 
highly pure phase and high crystallization degree. 
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Fig. 6 Excitation and emission spectra of Baz Sig0).N>: 0.2Eu** 
phosphors as a function of Si3N4 contents, by MWS method at 
1275°C for 4h. The inset indicating PL intensity of the sample with 
0.8SisNa for different soaking time (2, 4, and 6 h, respectively) 
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As shown above, the phase purity plays an important 
role for enhancing the luminescence intensity of the 
Ba3SigO12N2:0.2Eu~’ phosphors. However, the emission 
properties are also strongly affected by the particle size and 
morphology. As seen in Fig. 7, with increasing the SiN, 
content, the particle coarsening occurs, thus the particle size 
increases first and then decreases. Moreover, the particle 
shape becomes irregular. For instance, the particle size of 
Ba;Si,O,.N:0.2Eu™ phosphor with 0.6Si;N, is ~5 um with 
a narrow size distribution. While for the 1.0Si;N4 compo- 
sition, the phosphor exhibits a rough and irregular fracture 
morphology with an inhomogeneous size distribution. The 
variation in the particle morphology and particle size dis- 
tribution can be attributed to the different sintering ability 
of powders with different compositions. Although Si3N4 is 
stable and not easy to melt during sintering, SiO, can act 
as co-solvent at higher sintering temperatures. So the raw 
powders with compositions of lower Si3N4 content react 
with other components earlier and more quickly because 
of the presence of a large amount of the transient liquid 


phase! 


, which would accelerate the material transferring 
via the solution-diffusion-precipitation process. So the 
influence of Si3N4 contents on PL intensity may be attrib- 
uted to following aspects: 1) The stoichiometric ratio of 
0.5Si;N; in the starting materials cannot lead to a pure 
phase formation of Ba sSis0),N>:0.2Eu”’ (Fig. 1) because 
the SiO, layer on the Si3N4 surface is not considered or 
compensated during weighing out of the starting materials; 
ii) Grain sizedistribution of the phosphor with a high Si;N4 
content becomes wider (indicated in Fig. 7), then the un- 
even distribution of the powders leads the scattering en- 
hancement and reduces the luminous efficiency of the 
phosphor; iii) Diffusion rate of raw materials is lower 
during the reaction and leads to an incomplete reaction, 
therefore, the degree of crystallinity is reduced. Besides, 
the experimental results show that the particles with a 
uniform shape and a smooth surface had a better PL inten- 
sity than that of the particles with an irregular shape and a 
rough surface”), So, combinating the previous formation 
process of the Bap gSisO12N>:0.2Eu"", the phosphor with a 
0.8Si;N, starting content is expected to have a higher PL 
intensity. 

Figure 7(c) and (f) presents the morphologies of the 
phosphor with a 0.8Si;N, starting content before and after 
post-treatment. We can see that the as-prepared sample 
(without treatment) shows a large agglomerate consisting 
of many small particles. While these post-treatments play 
a role in reducing surface defects, removing the tiny resi- 
dues, and narrowing the particle size distribution, which 
has the particle size of ~4.20 um (Dso) in Fig. 8(a), and 
thus enhance the absorption of the incident light and 
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Fig. 7 Morphologies of samples with different Si3N4 contents 
(a) 0.6Si3Na, (b) 0.7SiaNa, (c) 0.8Si3Na, (d) 0.9Si;N4, (e) 1.0Si3N4 by 
MWS method at 1275°C for 4 h, (f) a SEM image of the post-treated 
sample with 0.8Si;N, by smashing and acid washing 
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Fig. 8 (a) Particle size distribution of the post-treated sample 
with 0.8Si;N4, (b) absorption and quantum efficiency of the 


post-treated sample and (c) PL intensity of as-prepared and 
post-treated sample 


decrease the nonradiative transition probability. Figure 
8(b) shows the absorption and quantum efficiency of the 
phosphor after post-treatment. The external quantum 
efficiency of the samples with 0.8Si;N, after the acid 
washing was high, under 365, 405, and 450 nm excita- 
tion, respectively. This is most likely due to the reason 
discussed above. As a results, the particle has a smooth 
surface (Fig. 7(f)) and the PL intensity is improved after 
post-treatment (Fig. 8(c)). 


3 Conclusions 


In summary, Eu**-doped Ba3Si,O;.N> green phosphors 
were synthesized by both solid state reaction and micro- 
wave sintering methods. Comparatively, the microwave 
sintering method could significantly reduce the firing time 
for BasSisOv Ny Eu phosphors. The highest PL intensity 
was obtained in the Ba gSig012N>:0.2Eu~* phosphor pre- 
pared by microwave sintering method at 1275°C for 4 h 
using a 0.8Si;N, rich composition. Furthermore, the PL 
intensity could be enhanced greatly by post-treatments of 
smashing and acid washing. The Bap gSi¢O;.N>:0.2Eu* 
phosphor with high quantum efficiency and suitable exci- 
tation range is a promising stable green phosphor for white 
LED application. The proposed method is expected to be 
potentially applicable to other oxynitride phosphors with 
higher photoluminescence and phase purity. 
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